Introduction
The Long-Term Soil Productivity (LTSP) program began in 1989 as a "grass roots" proposal that grew to be a national program of the USDA Forest Service. LTSP was founded to examine the long-term consequences of soil disturbance on fundamental forest productivity. The concept caught the imagination of others. Soon, partnerships and affiliations were forged among public and private sectors in the United States and Canada. Today, more than 100 LTSP and affiliated sites comprise the world's largest coordinated research network addressing basic and applied science issues of forest management and sustained productivity. Studies range from applied growth and yield monitoring, through elucidating mechanisms controlling carbon capture above and below ground, to developing indices of soil quality practicable in monitoring. Results from installations with ≥5 years of response were presented at a recent anniversary symposium, updated, and assembled here. This paper describes the evolution of the study and the characteristics of the oldest field installations.
Background

Historical basis
The LTSP program began in response to the National Forest Management Act (NFMA) of 1976 and related legislation (USDA Forest Service 1983) . NFMA requires the US Secretary of Agriculture to ensure, through research and monitoring, that forest management practices do not permanently impair the productivity of the land. This requirement seems superfluous because sustaining productivity is an obvious aim of modern forest management. It is remarkable only in that NFMA may be the first mandate for a national forest land ethic that carries the weight of law. NFMA precedes the Dutch Soil Protection Act of 1987 and Australia's National Forest Policy Statement of 1992 by more than a decade (Nambiar 1996; Powers et al. 1998) . Thus, it is a legislative landmark.
Responding to NFMA, an independent committee of scientists was appointed to form a framework for implementing the law. Their recommendations led in 1985 to a Code of Federal Regulations for Forest Planning (USDA Forest Service 1985) . One notable element was to require the Forest Service to monitor the effects of forest management prescriptions, including "significant changes in land productivity". This monitoring requirement was developed more than a decade in advance of The Montreal Process (Canadian Forest Service 1995) and the environmental surge toward "green certification" (Anonymous 1995) .
The Forest Service knew that clear and objective definitions were key to addressing its monitoring charge. "Land productivity" was a central issue. Broadly, it could be defined as a site's capacity to produce a cornucopia of timber, wildlife, watershed, fishery, and aesthetic values. All these values are legitimate expressions of land productivity, but some are less tangible, more subjective, and temporally less stable than others. Instead, and with guidance from the US Office of General Council, a fundamental definition emerged. Land productivity was defined as the carrying capacity of a site for vegetative growth. This definition was useful, because the capacity of a site to capture carbon and grow vegetation is central to its potential for producing all other values. In turn, "carrying capacity" was defined as average periodic dry matter production when the site is fully stocked (at its maximal stable leaf area). "Significant change" was defined as the level of reduced carrying capacity that could be detected with operational monitoring technology. Given the vagaries of annual fluctuations in dry matter production, consensus opinion held that a departure from base line would have to exceed 15% to be deemed significant (USDA Forest Service 1987) . But what variables should be monitored?
Direct measures
Site index, the height reached by a stand's tallest trees at a reference age, is the traditional gauge of site quality and potential productivity in the United States. Site index is popular because it largely is independent of stand density and is easily measured (Smith et al. 1997) . However, its value in monitoring productivity is limited for several reasons: (1) Stand age often is difficult to determine in natural stands, and small errors can compound into larger errors in the site index estimate. (2) The concept is suited mainly for even-aged, pure stands. (3) Stand density measures are not considered. Therefore, site index may not reflect the actual productive potential for a unit area, for example, sites with stony soils that limit stocking. (4) Trees currently holding a dominant position are assumed to have been dominant throughout stand development. But past thinning of larger trees may have converted lower crown classes to de facto dominants. (5) Because site index is based on cumulative height, it will be slow to reflect major impacts to the site caused by intermediate treatments or by climate change. Stand volume growth is the historical measure of forest productivity in the United States. It is popular because it focuses directly on the product of traditional timber management: the production of merchantable wood. But like site index, volume growth also is variable and imprecise. Stands consist of trees, and tree growth is affected by age, stage of stand development, stocking, genetic variation, competition from other plants, and past management history. Focusing only on trees also can be misleading, particularly during early stand development. Understory competition often affects early stand composition and growth. Therefore, practices such as blading slash and topsoil into windrows that may impair site quality in the long run can favor early growth simply because of lessened competition (Allen et al. 1991; Stransky et al. 1985) . Even if site quality has not been impaired, volume growth rates vary with time, because tree and stand growth are related linearly to canopy light interception (Cannell 1989) . Therefore, stem volume growth increases as canopies expand to intercept more light and trees capture more of a site's productive potential. Growth rates per hectare follow a sigmoidal trend, rising slowly, then more rapidly, leveling as the foliar canopy stabilizes, and ultimately declining as the stand enters senescence and a high proportion of annual assimilate is spent in maintenance respiration (Waring and Schlesinger 1985; Powers 2001) . But even at full stocking, stem volume is only one index (albeit a large one) of a site's capacity for dry matter production. While stem volume correlates closely with stem biomass, it does not account for dry matter captured by other parts of the tree and the understory. These forest components are measurable, but only with great difficulty. Even if measured accurately, they suffer all the temporal and spatial problems noted previously.
Indirect measures
Recognizing the problems of direct measures of potential site productivity, Burger (1996) and Powers et al. (1990) called for an alternative that is unbiased and independent of stocking and genetic considerations of current forest growth. Because soil is affected readily by management and is a major factor determining potential productivity within the constraints of climate, they proposed that the basis for alternative indices should center on the soil. The notion that soil attributes might be useful monitoring indicators is rooted in agronomy. In 1992, a special symposium of the American Society of Agronomy addressed the theme "Defining Soil Quality for a Sustainable Environment". The ensuing publication framed the soil quality concept as "the capacity of a soil to function within ecosystem boundaries to sustain biological productivity, maintain environmental quality, and promote plant andanimal health." Doran and Parkin (1994) proposed a primary set of 16 agricultural soil quality indicators related to these attributes. These ranged in complexity from such simple measures as soil depth, to ratios of soil respiration, to microbial biomass. More recently, indicators have been proposed for forestry (Burger and Kelting 1998; Powers et al. 1998; Van Miegroet et al. 1994 ) and summarized by Schoenholtz et al. (2000) .
The national forest approach
The USDA Forest Service also saw the value in soil properties as an independent basis for monitoring potential productivity. In 1987 the Watershed and Air Management division of National Forest Systems adopted a program of soil quality monitoring that was based on the following rationale (Powers and Avers 1995 (42) 175 (77) 228 (100) 195 (24) 540 (67) 811 (100) Louisiana STM Pine hardwood 133 (77) 153 (88) 173 (100) 134 (38) 229 (65) 352 (100) Note: OM 0 , bole only removed; OM 1 , whole tree removed; OM 2 , whole tree plus understory and forest floor removed. a After Holdridge (1947). BM, boreal moist; CTM, cool temperate moist; WTD, warm temperate dry; WTM, warm temperate moist; STM, subtopical moist. Key soil monitoring variables were identified that (1) had a known or presumed correlation with potential productivity and (2) could be measured operationally with a reasonable degree of statistical confidence, for example, ±15%, of the true site mean. Presumably, any appreciable change in a key soil monitoring variable suggests a change in the potential productivity of a site. Threshold standards would be set for each variable to indicate when significant changes had occurred in potential productivity. This approach makes sense as a first approximation. A problem with this strategy is that the correlation between a soil variable and productivity may vary by soil type and climate. Recognizing this potential stumbling block, the Forest Service asked each administrative region in the United States to identify the soil variables thought to be key for that region and to develop appropriate threshold standards. Examples are given in Powers and Avers (1995) and Powers et al. (1998) . But another and more fundamental problem is that correlations between soil monitoring variables and potential productivity are mainly conceptual. Because they are conceptual and somewhat subjective, they can be challenged.
Research coordination
Recognizing the problems inherent in developing soil quality monitoring standards based largely on professional judgment, Forest Service Research was asked to help. The request was made informally by Peter E. Avers, National Leader of the USDA Forest Service Watershed and Air Management Staff, to David Alban of the North Central Research Station and me on a field trip during the 1986 Soil Science Society of America Meeting in New Orleans, Louisiana. I thought more about the matter, and the following year I invited a handful of colleagues to California for a field visit with Peter and me to explore the idea. This led to a small but seasoned team of agency scientists and managers (see authors, Powers et al. 1990 ) who assembled in 1988 in St. Louis, Missouri, to address the problem. Our first step was to recognize that some of what passed for "professional knowledge" was actually opinion and that much of the remainder rested on anecdotal evidence. This meant that the scientific basis for soil quality monitoring was shaky, which led to our second step, namely to conduct a critical analysis of world literature for (1) sound and unambiguous evidence of declines in a site's productive potential due to management and (2) a clue as to unifying soil and site factors apt to cause such declines. Extensive literature review revealed that the two ecosystem properties most likely to impact long-term productivity were declines in site organic matter and soil porosity.
While agreeing that organic matter and soil porosity were of paramount importance, the team concluded that existing information was sparse, site specific, and too anecdotal to be broadly useful. They agreed that more fundamental work was needed, and they proposed a nationally coordinated field experiment to address the issue directly and unambiguously. The proposal was reviewed domestically and internationally, and a final study plan was prepared (Powers et al. 1989 ). Undoubtedly, this was the most broadly reviewed study plan ever produced by the USDA Forest Service. In 1989 the study plan was approved in Washington, D.C., by the deputy chiefs for Research and National Forest systems, and 10-year funding was secured for implementing the study as a national effort on public lands. The overview was published and circulated widely (Powers et al. 1990 (Powers et al. , 1996 Powers and Avers 1995) .
The study
A conceptual model
The program now known as LTSP is predicated on the principle that within the constraints of climate, a site's potential net primary productivity is strongly regulated by physical, chemical, and biotic soil processes that are affected readily by management. The key properties affected directly by management are soil porosity and site organic matter. These two properties regulate critical site processes through their roles in microbial activity, soil aggregate stability, water and gas exchange, physical restrictions on rooting, and resource availability, as illustrated conceptually in Fig. 1 .
Site organic matter and soil porosity are easily affected by forest management operations. Therefore, they were targeted for specific manipulation in large-scale, long-term experiments. The experiments are conducive to addressing four hypotheses:
Implementing the research
Selecting sites and applying treatments
The study was targeted at forest types, age-classes, and soil conditions that are likely to come under active forest management. With very few exceptions these were fully stocked, mature, even-aged stands, that is, not "ancient forests" or nonforested openings. Notable exceptions were four California stands that, because site quality was so poor, took more than two centuries to reach sawtimber size. Preliminary plots of 0.2 or 0.4 ha were identified and surveyed for variability in soil and stand conditions. Those with comparable variability were then sampled to quantify standing biomass and nutrient capital in the overstory, understory, and forest floor (Madgwick and Satoo 1975) . Stands were then harvested and treatments imposed randomly. Treatments were chosen to create extreme ranges in site organic matter and soil porosity. They were selected not so much to mimic common opera-
Null hypothesis
Alternative hypothesis
(1) Pulse changes in site organic matter and (or) soil porosity do not affect the sustained productive potential of a site (sustained capacity to capture carbon and produce phytomass).
Critical changes in site organic matter and (or) soil porosity have a lasting effect on potential productivity by altering soil stability, root penetration, soil air, water, and nutrient balances, and energy flow.
(2) If impacts on productivity occur from changes in organic matter and porosity, they are universal.
The biological significance of a change in organic matter or porosity varies by climate and soil type. (3) If impacts do occur, they are irreversible.
Negative impacts are reversible.
(4) Plant diversity has no impact on the productive potential of a site.
Diverse communities affect site potential by using resources more fully or through nutrient cycling changes that affect the soil.
tional practices, but rather to bracket the extremes in disturbance likely to occur under present or future management. The main effect treatments were as follows:
There are two reasons for choosing these levels of organic matter manipulation. First, they encompass the extremes in aboveground organic matter removal apt to occur when forests are harvested for wood. Second, they produce a step series of nutrient removal that is disproportionate to biomass loss. The latter is particularly important because concerns and conjecture over nutrient drain from increased biomass removal and slash treatment have persisted for decades (Boyle and Ek 1972; Grigal 2000; Leaf 1979) , particularly with respect to nitrogen, phosphorus, and calcium (Dyck et al. 1994; Morris 2001) . Table 1 illustrates these points using six typical LTSP sites arrayed along a climatic gradient. It shows that overstory trees contain roughly four-fifths of site aboveground organic matter, with about two-thirds occurring in boles. The forest floor and understory account for the remainder above ground. This means that as organic matter removal ascends from OM 0 to OM 2 , there is a lessening withdrawal from the site's original aboveground total. Nitrogen shows a different trend. Although half or more of aboveground organic matter may be in tree boles, this component accounts for a much smaller fraction of the aboveground nitrogen capital in mature stands. On average, in the absence of frequent fire, the forest floor of mature stands contains as much nitrogen as that in boles and crowns combined. However, the actual proportion of aboveground nitrogen in the forest floor varies with climate (Table 1) . In moist boreal forests of British Columbia, where decomposition is slowed by cool temperatures and perhaps by partial anaerobia, the forest floor accumulates far more nitrogen than is contained in the vegetation. Under warm, humid conditions, the forest floor decomposes rapidly and is a relatively small reservoir of nitrogen. Regardless of life zone, the understory in mature forests is only a minor component of site organic matter or nitrogen (only a few percentage points of the aboveground total after canopies have closed). Thus, this "stair step" series of nitrogen removals spans the quantities apt to be removed under management. Further, it provides a means for evaluating the significance of aboveground nutrient pools relative to their lability (Grigal 2000) .
Generally, all factorial combinations of main effect treatments were applied, producing nine core combinations of organic matter removal and soil compaction. In a few cases, because of space limitations, only the "four-corners" treatments (OM 0 C 0 , OM 0 C 2 , OM 2 C 0 , OM 2 C 2 ) could be installed. A set of four to nine such treatments, all on a single soil type and place, constituted an installation. In most situations, installations were replicated by soil type, producing a block of treatments on sites of similar soil, usually at geographically separate locations. Harvesting was accomplished by several methods, including innovative means of achieving full suspension to avoid mechanical ground impacts. Soil porosity was modified by compacting the soil to levels approaching a theoretical "growthlimiting bulk density" that varies with soil texture (Daddow and Warrington 1983) . Methods for accomplishing this were left to the individual principal investigator. Methods ranged from simple (multiple passes by logging skidders) to complex (vibrating stamping pads mounted on an excavator). Regardless, the goal was to achieve a desired change in soil physical properties, not to compare the types of compacting machinery (which vary greatly in static ground pressure). Because LTSP is focused on forests likely to be managed for wood production, a "nonharvested reference stand" was not part of the experimental design. Often, unharvested portions of the original stand were fundamentally different from the areas chosen for the experiment. But in a few cases the experimental area was bordered by mature, unharvested forest sufficiently similar to the experimental unit that they could serve as an untreated reference. The LTSP study is planned to be extended until at least the culmination of mean annual volume increment, which is defined as a "physical rotation", a period as brief as two decades for tropical forests or as much as 80 years in boreal forests (Powers 2001) . To minimize edge effects over such a prolonged period, treatment plots were large (0.4 ha) and separated from residual stands by a distance at least equivalent to the height of bordering trees.
Treatment plots were large enough (0.4 ha) to include several rows of buffer trees to avoid edge effect problems as time passed and measurement trees grew. Plots were regenerated with the native tree species of interest, either planted to a density of 1680 stems·ha -1 or regenerated vegetatively from sprouts (Populus spp.). Measurement trees were separated from outer plot boundaries by several rows of buffer trees. Except for aspen (Populus) forests and the mixed-conifer sites of interior British Columbia, all main effect treatment plots were split. One half of each plot is kept weed free by regular applications of herbicides, and the other half is allowed to develop naturally (thereby producing side-by-side subplots with simple and diverse forest communities). The density of aspen sprouting and administrative policies surrounding herbicide use in British Columbia precluded weed control as a practicle subtreatment on certain installations. Where possible, extreme treatments (OM 2 C 2 ) were applied as additional replicates and mitigative measures were added, such as fertilization to replace nutrients and subsoiling to alleviate compaction. Each field installation was equipped with an automated climatological monitoring station, thereby linking all sites into a network characterized by precipitation, temperature, solar radiation, and relative humidity. The first LTSP installation was established in 1990 on the Palustris Experimental Forest in the loblolly pine (Pinus taeda L.) forest type of the Louisiana Coastal Plain. The following year saw units established in the mixed-conifer (AbiesPinus-Pseudotsuga) forest of California's Sierra Nevada and in the glacial till landscape of Minnesota's aspen (Populus deltoides Bartr. ex Marsh. -Populus tremuloides Michx.) forest. Expansion has continued to the present.
Posttreatment measurements
Although many measurements could be taken, principal investigators agreed that a reduced set of eight core measurements were critical to the success of the LTSP program. Beyond treatment establishment, funds were extremely limited.
Therefore, minimum measurement intervals were identified for each variable (Powers and Avers 1995) :
Tree and understory dimensions (survival, height, diameter, coverage) were measured on each treatment plot at a minimum of 5-year intervals. Destructive sampling (harvesting, drying, weighing) was confined to the buffer strips that surrounded measurement plots. Dimensional data were converted to biomass per hectare by felling trees in the buffers and regressing their component biomass against their basal areas and heights. Resultant equations developed for each site were applied to trees inventoried on measurement plots to arrive at an estimate of stand biomass (Madgwick and Satoo 1975) . Soils were sampled at the same intervals for three depths (0-10, 10-20, and 20-30 cm) using conventional volumetric techniques (cores or irregular holes) at an intensity of 25-50 sample points·ha -1 . Fine fractions passing through a 2 mm sieve were assayed for organic carbon and nitrogen by dry combustion and a variety of other nutrients by standard extractants followed by inductively coupled plasma spectrometry and atomic absorption spectrometry.
Partnerships
As the LTSP program gained momentum it drew widening attention. British Columbia's Ministry of Forests had adopted the concept in 1990 as a high-priority program for interior British Columbia (Hope et al. 1992) . Two installations were established by 1994 and several more followed (Holcomb 1996) . Independently, the Canadian Forest Service began experiments in Ontario that closely paralleled the LTSP design and were merged with the main program in 1996 to expand the network. Today, the total number of installations with the core design stands at 62 (Fig. 2) . In the United States, forest industry expressed concerns that the experiment highlighted only "negative" impacts of management and that LTSP included few treatments aimed at enhancing site productivity. Accordingly, LTSP leaders invited leaders from private and public forest management groups to a 1995 working session in St. Louis, Missouri, to air concerns and to find ways of improving the study and strengthening the network. Emerging was an expanded affiliation that included studies on industrial lands and elsewhere. Conditions for affiliation are that (1) studies have certain elements in common with the LTSP experimental design (at least the OM 0 C 0 treatment), (2) treatment plots be large enough to have minimal edge effect once trees attained leaf area carrying capacity, and (3) members agree to share findings and provide mutual support (Powers et al. 1996) . These affiliate sites have brought the LTSP network to more than 100 installations (Fig. 2) , making it the world's largest coordinated effort aimed at understanding how pulse disturbances affect sustained forest productivity.
The symposium
The Louisiana symposium celebrated the 10th anniversary of the first LTSP installation. The symposium's purpose was to present findings, but organizers recognized the risk that very early results may not be indicative of long-term trends. Accordingly, papers centered on installations that had completed ≥5 years of growth (Table 2) . We understood that installations established at the higher latitudes would be in a much earlier stage of stand development than those in regions of milder climates, where crown closure may already have occurred. Given this caveat, we believe that 5 years constitutes the earliest possible indication of long-term trends where conditions favor rapid growth. At the same time, 5 years may be a reasonable period for investigating significant soil phenomena. Following oral presentations, authors were asked to prepare summary papers dealing with a particular topic (tree growth, understory behavior, physiological responses, changes in soil physics, chemistry, and biology), as well as a synopsis integrating the major findings from all 5-year sites. This, then, is the first exposure of integrated findings to the scientific community from an uncommonly broad network joined by camaraderie and a sense of scientific mission.
I write this in the aftermath of Hurricane Katrina. Ironically, the Gulf Coast region, marked by devastation and bathed in despair, is the birthplace of LTSP. Both the concept for the experiment and the first installation were born in Louisiana. Hurricane Katrina hammered home the message that carefully laid plans may be altered swiftly and cataclysmically by unforeseen events. In fact, the fate of our Louisiana and Mississippi installations is not known fully as of this writing. Some may see in this a reason to turn from long-term research to short-term studies with lessened risk. Indeed, many scientific careers have been predicated on just such a philosophy. Yet, forest management itself is fraught with risk because it is a long-term venture. Should we then turn away from forest management, too? I think not. I hope we will embrace long-term studies and face risk bravely. Many matters of significance to forest science and to society cannot be addressed in any other way.
